We conducted a Doppler survey at Keck combined with NIRC2 K-band AO imaging to search for massive, long-period companions to 123 known exoplanet systems with one or two planets detected using the radial velocity (RV) method. Our survey is sensitive to Jupiter mass planets out to 20 AU for a majority of stars in our sample, and we report the discovery of eight new long-period planets, in addition to 20 systems with statistically significant RV trends indicating the presence of an outer companion beyond 5 AU. We combine our RV observations with AO imaging to determine the range of allowed masses and orbital separations for these companions, and account for variations in our sensitivity to companions among stars in our sample. We estimate the total occurrence rate of companions in our sample to be 52±5% over the range 1 -20 M Jup and 5 -20 AU. Our data also suggest a declining frequency for gas giant planets in these systems beyond 3-10 AU, in contrast to earlier studies that found a rising frequency for giant planets in the range 0.01-3 AU. This suggests either that the frequency of gas giant planets peaks between 3-10 AU, or that outer companions in these systems have a different semi-major axis distribution than the overall gas giant planet population. Our results also suggest that hot gas giants may be more likely to have an outer companion than cold gas giants. We find that planets with an outer companion have higher average eccentricities than their single counterparts, suggesting that dynamical interactions between planets may play an important role in these systems.
INTRODUCTION
The presence of a substantial population of gas giant planets on orbits interior to 1 AU poses a challenge to models of planet formation and migration. Standard core accretion models favor giant planet formation beyond the ice line, where core-nucleated accretion may proceed on a timescale substantially shorter than the lifetime of the disk (Pollack et al 1996; Alibert et al 2005; Rafikov 2006) . In this scenario, gas giant planets on short period orbits most likely migrated in from their original formation locations (e.g., Lin et al 1996) . Migration models for these planets can be divided into two broad categories. The first is smooth disk migration, in which exchanges of angular momentum with the disk causes the planet's orbit to gradually decay. This mechanism would be expected to produce close to, if not completely, circular orbits that are well aligned with the spin axis of the host star (Goldreich & Tremaine 1980; Lin & Papaloizou 1986; Tanaka et al 2002) . The second migration channel is three-body interactions. These include the Kozai mechanism, in which the presence of a stellar or planetary companion causes the argument of periastron to undergo resonant librations, allowing the planet's orbit to exchange between mutual inclination and eccentricity. Alternatively, planet-planet scattering or long term secular interactions between planets could impart a large orbital eccentricity to the inner planet (Chatterjee et al 2008; Nagasawa et al 2008; Wu & Lithwick 2010) . This highly eccentric orbit can then shrink and circularize at short periods via tidal dissipation.
High eccentricity migration channels and dynamical interactions between planets are thought to frequently produce planets whose orbits are misaligned with the rotation axes of their host stars 9 . Over the past decade, Rossiter-McLaughlin measurements of spin-orbit alignment have found a number of hot Jupiter systems that are misaligned (Winn et al 2010; Hebrard et al 2011; Albrecht et al 2012) . However, previous studies demonstrated that there is no correlation between the presence of an outer planetary or stellar companion and the spinorbit angle of hot Jupiters (Knutson et al 2014; Ngo et al 2015) . Furthermore, Batygin (2012) and Batygin & Adams (2013) have suggested that a distant stellar companion could tilt the protoplanetary disk with respect to the star's spin axis, in which case disk migration could lead to a misaligned orbit (Spalding & Batygin 2014) . This scenario is supported by the discovery of apparently coplanar multi-planet systems with spin-orbit misalignments (Huber et al 2013; Bourrier & Hebrard 2014) , although other surveys have suggested that such systems may be relatively rare (Albrecht et al 2013; Morton & Winn 2014) . In either case, it appears that the cause of hot Jupiter misalignment is more complicated than the simple picture presented above.
Measurements of orbital eccentricities for a large sample of single and multi-planet systems provide a more direct diagnostic of the importance of dynamical interactions in shaping the observed architectures of planetary systems. We expect dynamical interactions between planets to pump up the eccentricities of their orbits, a process that could result in migration if the periapse of an orbit gets close enough to the star for tidal forces to become significant (Rasio & Ford 1996; Juric & Tremaine 2008) . However, previous radial velocity studies of gas giants indicate that high eccentricities are more common in apparently single systems (Howard 2013) . It has been suggested that this enhanced eccentricity may be due to planet-planet scattering, where one planet was ejected from the system (Chatterjee et al 2008) . This is consistent with the results of Dawson & Murray-Clay (2013) , which suggest that higher eccentricities are more common when the star has a high metallicity, and infer that this is because higher metallicity stars are more likely to form multiple giant planets, which then interact and pump up planet eccentricities. Limbach & Turner (2014) also find a positive correlation between lower eccentricity and higher system multiplicity. Conversely, Dong et al (2014) finds that warm Jupiters with outer companions are more likely to have higher eccentricities than single warm Jupiters, albeit with a relatively small sample size of just 26 systems. We can test these trends by directly searching for outer companions at wide orbital separations in a large sample of known planetary systems, and checking to see if these companions are associated with a larger orbital eccentricity for the inner planet.
In order to understand whether or not dynamical interactions between planets are responsible for the inward migration of a subset of these planets, it is useful to study systems where we can obtain a complete census of gas giant planets across a broad range of orbital separations. While large surveys have made it possible to understand the statistical properties of exoplanet populations, recent studies have focused on determining mass distributions and occurrence rates of short period, low mass planets around apparently single main sequence FGK stars (e.g. Howard et al 2012; Fressin et al 2013; Howard 2013; Petigura et al 2013) . Many of these surveys are primarily sensitive to short-period planets, making it difficult to evaluate the role that a massive distant planetary companion might have on the formation and orbital evolution of the inner planets. Early studies of hot Jupiters, which are among the best-studied exoplanet populations, indicated that they rarely contain nearby companions (Steffen et al. 2012 , but see Becker et al. 2015 for a recent exception). In contrast, recent work by Knutson et al (2014) looked at 51 hot Jupiter systems and found that they are not lonely -the occurrence rate of massive, outer companions was 51 ± 10% for companions with masses of 1-13 M Jup and separations of 1-20 AU. This implies that long period companions to hot Jupiters are common, and thus might play an important role in the orbital evolution Figure 1 . Transiting hot Jupiters from our previous radial velocity study (Knutson et al 2014) are shown as red triangles, and the new sample of gas giant planets in this study are shown as black circles. The blue diamonds represent the gas and ice giant planets in the solar system for comparison.
of these systems.
In this study we combine Keck HIRES radial velocity measurements with NIRC2 K band adaptive optics (AO) imaging to search for massive, long period companions to a sample of 123 known exoplanet systems detected using the radial velocity (RV) method. Unlike our previous survey, which focused exclusively on transiting hot Jupiter systems, our new sample includes planets with a wide range of masses and orbital separations ( Fig. 1 ). We present results from this survey in two papers. In this paper, we focus on long-term RV monitoring of the confirmed exoplanet systems, probing planetary and brown dwarf mass companions out to ∼100 AU. We test whether close-in gas giant planets are more likely to have outer companions than their long period counterparts, and whether planets in two-planet systems are more likely to have higher eccentricities than single planet systems. In the second paper, we will use our complementary K-band AO images to find and confirm low mass stellar companions in these systems in order to determine how stellar companions might influence the formation and evolution of the inner planets.
In section 2 we describe the selected sample of systems, as well as the methods for obtaining the RV and K-band AO imaging data. In section 3 we describe fits to the RV data, generation of contrast curves from the AO data, identification of significant RV accelerations, calculation of two-dimensional companion probability distributions, and the completeness analysis that was performed for each individual system. Finally, in section 4 we discuss our occurrence rate calculations and analysis of eccentricity distributions.
OBSERVATIONS
Radial velocity measurements were made at Keck Observatory as part of more than a dozen PI-led programs falling under the umbrella of the California Planet Survey (CPS; Howard et al 2010) . We observed each target star using the High Resolution Echelle Spectrometer (HIRES) (Vogt et al 1994) following standard practices of CPS. Our selected sample includes all known one-and twoplanet systems discovered via the radial velocity method with at least ten RV observations obtained using HIRES. We also excluded systems with a Keck baseline shorter than the published orbital period. The published planets in our resulting sample of 123 systems span a range of masses and semi-major axes, as shown in Figure 1 . RV baselines for these targets range from 5.02 to 18.18 years, making it possible to detect gas giant planets spanning a broad range of orbital semi-major axes. Properties of the target stars are described in Table 1 . Figure 2 shows the distribution of stellar masses in our sample. While most stars are F and G stars, there are significant numbers of M, K, and A stars. The A stars in this sample are all moderately evolved, which facilitates precise radial velocity measurements .
Keck HIRES Radial Velocities
All of the target stars were observed using the High Resolution Echelle Spectrometer (HIRES) on Keck I (Vogt et al 1994) . While the majority of the RV data used in this study was published in previous papers, we also obtained new observations that extend these published baselines by up to 12 years. To reduce the RV data, the standard CPS HIRES configuration and reduction pipeline were used . We measured Doppler shifts from the echelle spectra using an iodine absorption spectrum and a modeling procedure descended from Butler et al (1996) and described in . The set of observations for each star comprise a "template spectrum" taken without iodine and de-convolved using a reference point spread function (PSF) inferred from near-in-time observations of B-stars through iodine, and a set of dozens to hundreds of observations through iodine that each yield an RV. We used one of the 0. 86-wide slits ('B5' or 'C2') for the observations taken through iodine and a 0. 57 ('B1' or 'B3') or 0. 86-wide slit for the template observations. Using a real-time exposure meter, integration times of 1-8 minutes were chosen to achieve (in most cases) a signal-to-noise ratio of ∼220 in the reduced spectrum at the peak of the blaze function near 550 nm. All Doppler observations were made with an iodine cell mounted directly in front of the spectrometer entrance slit. The dense set of molecular absorption lines imprinted on the stellar spectra provide a robust wavelength fiducial against which Doppler shifts are measured, as well as strong constraints on the shape of the spectrometer instrumental profile at the time of each observations (Marcy & Butler 1992; Valenti et al 1995) . The velocity and corresponding uncertainty for each observation is based on separate measurements for ∼700 spectral chunks each 2Å wide. The RVs are corrected for motion of Keck Observatory through the solar System (barycentric corrections). The measurements span 1996-2015 (see Table 2 ). Measurements made after the HIRES CCD upgrade in 2004 August have a different (arbitrary) velocity zero point (not the star's systemic velocity) and suffer from somewhat smaller systematic errors. A summary of the radial velocity data used in this work is provided in Table 2 . We include best-fit stellar jitter and RV acceleration "trend" values from our orbital solution fitting described in section 3.
NIRC2 AO Imaging
We observed K band images for all targets using the NIRC2 instrument (Instrument PI: Keith Matthews) on Keck II. We used natural guide star AO imaging and the narrow camera setting (10 mas pixel −1 ) to achieve better contrast and spatial resolution. For most targets, we imaged using the full NIRC2 array (1024×1024 pixels) and used a 3-point dither pattern that avoids NIRC2's noisier quadrant. Because NIRC2 does not have neutral density filters, we used the subarray mode (2.5" or 5" field of view) to decrease readout time when it was necessary to avoid saturation. We typically obtained two minutes of on-target integration time per system in position angle mode.
We use dome flat fields and dark frames to calibrate the images. We identify image artifacts by searching for pixels that are 8σ outliers compared to the counts in the surrounding 5×5 box. We replace these pixels by the median value of the same 5×5 box. To compute contrast curves, we register all frames with the target star and then combine using a median stack. Table 3 summarizes the NIRC2 AO observations taken during this survey that were used in subsequent analysis. Fischer et al (2007) Note. -Systems with 3σ trends and above are listed in bold. 10 Because this system has a new outer planet whose period is just covered by the RV baseline, we fix the trend to zero. 11 Because the RV accelerations in systems HD 50499, HD 68988, HD 72659, HD 75898, HD 92788, and HD 158038 have some curvature, we fit them with a two planet solution. Since the partially resolved orbit and linear trend are degenerate, we fix the slope to zero in these fits.
During these fits, we also fix the poorly constrained eccentricity of the outer planet to zero. One caveat is that we assume that the residual RV signals are due to a single body, even though they could be the sum of multiple bodies. Note. -The "Array" column denotes the horizontal width, in pixels, of the section of the detector used to capture the image. All PHARO images are taken in the full 1024×1024 array. The NIRC2 array dimensions used in this survey were 1024×1024 (the full array), 512×512, or 256×264. These dimensions are constrained by NIRC2's readout software. The Tint column indicates the total integration time of a single exposure, in seconds, and the Nexp column indicates the number of exposures used in the final stacked image. System HD158038 was imaged using PHARO; the rest were imaged using NIRC2.
ANALYSIS

Radial Velocity Fitting
The presence of a distant, massive companion manifests as a long-term acceleration for observations with baselines significantly shorter than the companion's orbital period (e.g. . To detect and quantify the significance of these "trends", we performed a uniform analysis of these systems using a Markov Chain Monte Carlo technique.
The initial set of parameter values for the MCMC run were determined using a χ 2 minimization fitting procedure. For a single-planet system, the MCMC algorithm simultaneously fit eight free parameters to the RV datasix orbital parameters (the velocity semi-amplitude, the period of the orbit, the eccentricity of the orbit, the argument of periastron, the true anomaly of the planet at a given time, and the arbitrary RV zero point), a linear velocity trend, and a stellar jitter term (Isaacson & Fischer 2010 ). This additional error term is added to the internal uncertainty of each radial velocity measurement in quadrature. All parameters had uniform priors. While it is formally correct to use log priors for parameters such as the velocity semi-amplitude, jitter term, and linear trend, we find that our use of uniform priors has a negligible effect on our posterior PDFs. We initialize our MCMC chains using the published parameters for the inner planets in these systems, which are typically quite close to our final best-fit parameters. Furthermore, we note that the choice of prior should only affect the posterior probability distributions in the data-poor regime; in this case the data provide good constraints on the parameters in question, and as a result the posterior PDF is effectively independent of our choice of prior. The likelihood function used in this analysis is given in Equation 1, where σ i is the instrumental error, σ jit is the stellar jitter, v are the data, and m is the model.
The confidence intervals on each parameter were obtained from their posterior distribution functions.
On August 19 2004, the HIRES CCD was upgraded, leading to a different RV zero point for data taken before and after this date. For systems with Keck HIRES RVs obtained prior to 2004, we include an offset parameter between the two datasets as an additional free parameter. Although there is some evidence that the post-upgrade jitter is lower than the pre-upgrade jitter by approximately 1 m/s (e.g. Howard et al. 2014) , we find that this change is much smaller than the average jitter level for the majority of our targets, and our decision to fit a single jitter term across both epochs is therefore unlikely to have a significant effect on our conclusions. Approximately 30% of our targets have no pre-upgrade data at all, while an additional 50% have fewer than ten data points pre-or post-upgrade, making it difficult to obtain meaningful constraints on the change in jitter between these two epochs (e.g., Fulton et al. 2015) . We therefore conclude that a uniform approach to these fits is preferable to a more customized approach in which we include two separate jitter terms for the approximately 20% of systems where such an approach is feasible.
In addition to reproducing the published solutions of confirmed exoplanets, we detected eight new long-period planets with fully resolved orbits in systems GJ 317, HD 4203, HD 33142, HD 95089, HD 99706, HD 102329, HD 116029, and HD 156279. Trends were previously mentioned for GJ 317 (Anglada-Escude et al 2012), HD 4203 , HD 95089 , HD 99706 , and HD 116029 .
We note that the two planets in HD 116029 are in 3:2 period commensurability. To assess whether a dynamical model fit was needed, we used the Mercury integrator to numerically integrate the orbits of both planets in HD 116029 in order to determine the magnitude of the change in orbital parameters. We found that over the observational window of ∼ 8 years, the orbital elements of both planets varied by less than a fraction of a percent. Thus we conclude that a Keplerian model fit is sufficient to characterize the planets in HD 116029. Relevant characteristics of the new outer planets are listed in Table 5 , and the corresponding RV solutions are plotted in Figures 3 through 10. RV measurements for these eight systems are listed in Table 4 . The first and second panels show the combined two planet orbital solution and the residuals of that fit, respectively. The third plot shows the orbital solution for the inner planet after the outer planet solution and trend were subtracted, while the fourth plot shows the outer planet orbital solution with the inner planet and trend subtracted.
We considered a linear trend detection to be statistically significant if the best-fit slope differed from zero by more than 3σ, and report best-fit trend slopes and stellar jitter values for all systems in Table 2 . The nominal values quoted in this table are taken from the χ 2 fits, and the errors come from the MCMC analysis. We detected 20 statistically significant trends due to the presence of an outer companion. We find that all but 16 of our orbital solutions for the known inner planets in these systems were consistent with the published orbits at the 2σ level or better. Of the solutions that changed, the majority were sys- tems with long-period planets for which our newly ex- tended baseline provided a more tightly constrained orbital solution. This longer baseline was particularly important for systems with both long-period planets and RV accelerations, such as HD 190360. We present updated orbital solutions for all of the planets outside 3 AU in Table 5 . We defer the publication of updated orbits for planets inside 3 AU and individual radial velocities for all systems to future publications, as these systems are the subject of other research projects currently in progress. Note. -New planet names are in bold.
3.2. Non-Planetary Sources of RV Trends There were two scenarios in which systems with statistically significant trend detections were excluded from further analysis. In two systems, we found that the observed accelerations were correlated with stellar activity. We compared the RV trends in each system to the measured emission in the Ca II H&K lines, quantified by the S HK index Isaacson & Fischer 2010) , to determine if the RV trends were caused by stellar activity instead of an outer companion (Santos et al 2010) . Both HD 97658 and HD 1461 showed a clear correlation between the observed RV trend and the measured S HK values, and we therefore excluded them from subsequent analysis.
We also excluded systems with a linear acceleration that could have been caused by a nearby directly imaged stellar companion. We first examined our K band AO images for all stars with statistically significant radial velocity trends in order to determine which systems contained a directly imaged stellar companion. HD 164509 has a companion 0.75 away, and HD 195109 has a companion 3.4 away. To determine whether these companions could have caused the RV trends in these systems, we compared the minimum mass estimate from the RV trend to the companion mass estimate from the AO image. We calculated the minimum companion mass using the equation from Torres (1999) :
In this equation, d is the distance to the star, ρ is the projected separation of the companion and the star on the sky,v is the radial velocity trend, and F (i, e, ω, φ) is a variable that depends on the orbital parameters of the companion that are currently unconstrained. We use a value of √ 27/2 for F , which is the minimum value of this function calculated in Liu et al (2002) .
HD 164509 is 52 pc away and has a companion located at a separation of 0.75 . With a radial velocity trend of 3.4 m s −1 yr −1 , this trend corresponds to a minimum companion mass of 0.072 M . To estimate the mass of the companion from the AO image, the brightness of the companion in K band relative to the primary is used, as described in section 3.4. With a relative K band magnitude of 3.59, we find that the estimated mass from the AO data is 0.33 M . Since the companion mass calculated from the AO data is greater than the minimum mass needed to explain the RV trend, we therefore conclude that this companion may indeed be responsible for the observed trend and exclude this system from subsequent analysis.
HD 195109 is 38.5 pc away and has a companion located at a separation of 2.4 . With a radial velocity acceleration of 1.9 m s −1 yr −1 , a stellar companion at the observed AO separation must have a mass of at least 0.44 M in order to cause the observed trend. With a relative K-band magnitude of 2.66, we find that the estimated mass from the AO data is 0.58 M . We conclude that the imaged companion could have caused the RV acceleration, and thus removed this system from future analyses. We note that this companion was previously reported in Mugrauer et al (2007) . Howard et al (2010) imaged a faint M-dwarf companion located 489.0±1.9 mas from the primary star HD 126614. With an absolute K-band magnitude of 6.72, the authors estimated the mass of this companion to be 0.324 ± 0.004 M . From Equation 1, the estimated minimum mass of the companion inducing the RV trend, given a distance of 72.6 pc and a trend of 14.6 ms −1 yr −1 , is 0.26 M . Since the minimum estimated RV mass is lower than the estimated AO mass, we conclude that the imaged AO companion could cause the RV trend, and thus remove this system from subsequent analyses. Note that none of these AO companions have second epoch data, and thus have not been confirmed as bound to their respective primaries. However, at these projected separations and contrast ratios the probability that the companion is a background star is relatively low, and we therefore proceed under the assumption that they are bound.
We also carried out a literature search to determine whether any of the remaining trend systems had additional stellar or substellar companions. We found that HD 109749 has a known binary companion described in the published literature. HD 109749 has a companion with K-band magnitude of 8.123 separated by 8.35 (Desidera & Barbieri 2007 ). This visual binary lies outside the field of view for our AO observations. After calculating the minimum companion mass from the measured RV trend and comparing this value to the estimated mass from the AO data found in the literature, we found that this companions cannot explain the accelerations observed in these systems.
After removing stellar sources of RV trends, we find 20 systems with accelerations that have slopes at least 3σ away from zero. The RV data and best-fit accelerations for each of these systems are plotted in 
Contrast Curves
We used contrast curves from our AO observations to put limits on the masses and separations that a companion in each system could have. We calculate contrast curves for our target stars as follows. First, we measure the full width at half max (FWHM) of the central star's point spread function in the stacked and combined image, taking the average of the FWHM in the x and y directions as our reference value. We then create a box with dimensions equal to the FWHM and step it across the array, calculating the total flux from the pixels within the box at a given position. The 1σ contrast limit is then defined as the standard deviation of the total flux values for boxes located within an annulus with a width equal to twice the FWHM centered at the desired radial separation. We convert absolute flux limits to differential magnitude units by taking the total flux in a box of the same size centered on the peak of the stellar point spread function and calculating the corresponding differential magnitude at each radial distance. We show the resulting 5σ average contrast curve for these observations in Figure 13 ; although our field of view extends farther in some directions than the maximum separations shown here, we have limited our calculations to radial separations with data available at all position angles.
We next use our contrast curves to place limits on the allowed masses of stellar companions as a function of projected separation. We interpolate the PHOENIX stellar atmosphere models (Husser et al 2013) in the available grid of solar metallicity models to produce a model that matches the effective temperatures and surface gravities of the primary star. For the proposed low-mass main sequence companions, we create PHOENIX models with radii and effective temperatures drawn from Baraffe et al (1998) . We then calculate the corresponding contrast ratio between the primary and secondary by integrating over the appropriate bandpass (either K p or K s ), adjusting the mass of the secondary downward until we match the 5σ limit from our contrast curve. We discuss the merits of this approach as compared to other methods commonly utilized in AO imaging searches in Knutson et al. (2014) .
Companion Probability Distributions
We combine our AO and RV observations in order to constrain the allowed range of masses and semi-major axes for the observed companions. The duration and shape of the RV trend places a lower limit on the mass and semi-major axis of the companions. Similarly, a nondetection in AO gives a complementary upper limit on these quantities. We create a two dimensional probability distribution for each companion, by defining an equally spaced 50×50 grid of logarithmic companion mass (true mass) and semi-major axis ranging from 1-500 AU and 0.05 − 1000 M Jup . We then subtract off the orbital solutions of the confirmed inner planets, leaving only the trends due to the companions. At each grid point in mass and semi-major axis, we inject 500 simulated companions. While the semi-major axis and mass of the companion remain fixed at each point, we drew a new inclination of the orbit each time from a uniform distribution in cos(i), and a new eccentricity each time from the beta distribution (Kipping 2013 ). This distribution is defined in Equation 3, where P β is the probability of a given eccentricity, Γ is the gamma function, and a = 1.12 and b = 3.09 are constants calculated from the known population of long period giant planets.
Given this fixed mass, semi-major axis, and eccentricity for each simulated companion, we fit the remaining orbital parameters to the RVs using a least squares algorithm, and we calculate a corresponding χ 2 value. We note that the probability distribution calculations are not particularly sensitive to the assumed eccentricity distri- Figure 11 . Best fit accelerations to the radial velocity data with a 3σ trend. The best fit trend is shown as a solid blue line, the errors on the slope are presented as dashed purple lines. The solid red line marks the date when the HIRES detector was replaced, which caused an offset in the measured RVs for the stars in our sample. The confirmed planet orbital solutions have been subtracted from both the RV data and from the best fit orbital solution to yield the trends. Systems with curved trends include HD 50499, HD 68988, HD 72659, HD 75898, HD 92788, and HD 158038. The plots with the curved trends show the best fit one planet orbital solution to the data after the inner planet solution was subtracted.
bution. We recalculate the probability distributions for 30 random systems within our sample assuming a uniform eccentricity distribution, and found that the 1σ semi-major axis and mass ranges, as presented in Table 6 for the 3σ trend systems, are generally consistent with each other to a couple of grid points.
We incorporate the constraints on potential companions from our AO observations using a method identical to the one described above. Within each mass and semimajor axis box we first generate a set of 500 companions with randomly selected masses, semi-major axes, and an eccentricity drawn from Eq. 3. We then fit for the remaining orbital parameters using the RV data, and use this best-fit orbit to calculate a set of 1000 projected separations for the companion sampled uniformly across the orbit. We then use our AO contrast curve to determine whether or not a companion of that mass and projected separation could have been detected in our AO image for each of the 1000 time steps considered. If the companion lies above our contrast curve we assume that it would have been detected, and if it lies below the curve we count it as a non-detection. For companions with large enough projected separations our images do not span all position angles, and we therefore assume that companions that lie above our contrast curve would be detected with a probability equal to the fractional position angle coverage of our image at that separation. We can then calculate the probability that a given companion would have been detected by determining the fraction of our 1000 time steps in which the companion lies above the contrast curve for that star.
The lower and upper limits on the mass/semi-major axis parameter space occupied by each companion can be combined to form a two dimensional probability distribution. After multiplying the χ 2 cube in mass, semimajor axis, and eccentricity from the RV trends by the detection probability cube from the AO contrast curves, we marginalize this new cube over eccentricity to yield a two dimensional probability distribution. Figure 14 shows the posterior distributions for the companions in each of the 20 systems with statistically significant RV trends. Table 6 lists the 1σ mass and semi-major axis ranges derived for each companion from this analysis. As expected, systems with strong curvature in the observed radial velocity accelerations have tighter constraints on the allowed mass and semi-major axis of the companion than those with linear trends. Figure 14 . Companion probability distributions. The three contours define the 1σ, 2σ, and 3σ levels moving outward. While the radial velocity trends constrain these distributions on the low mass, low semi-major axis end, AO imaging constrains the high mass, high semimajor axis parameter space. Note that the masses in these plots are true masses, not M sin i. Also note that the probability contours for HD 50499, HD 68988, HD 158038, and HD 180902 are not shown here. This is due to the fact that the grid is too course to resolve the contours of these well-constrained systems (the probability density is concentrated in only a couple of grid points). Finally, in some of these plots there is an apparent splitting of the contours at high mass and separation (e.g. HD 4208, HD 168443). This is due to the fact that the constraints from the AO images were modified by the percentage of position angles covered at wide separations. Based on the probability contours in Figure 14 and corresponding table of allowed companion masses, we conclude that the majority of companions are most likely gas giant planets, as field surveys indicate that the occurrence rate of brown dwarfs (13 -80 M Jup ) around sun-like stars is 3.2 +3.1 −2.7 % (Metchev & Hillenbrand 2009 ). We note that while the Metchev and Hillenbrand result is for brown dwarf companions to sun-like stars between 28-1590 AU, the brown dwarf parts of parameter space for our companions are typically outside of 28 AU. Therefore, the comparison to the Metchev and Hillenbrand occurrence rate is appropriate. For comparison, Cumming et al (2008) states that 17% − 20% of solar type stars host a giant planet (0.3 -10 M Jup ) within 20 AU.
Completeness Maps
We quantified the sensitivity of this survey to companions over a range of masses and semi-major axes by determining the completeness of each system given the system's radial velocity baseline. Once again, we defined a 50×50 grid in log mass/semi-major axis space from 1- Figure 15 . Average completeness map for all systems. Each color corresponds to a detection probability. For example, companions occupying parameter space in the white areas of the map had a 90% to a 100% chance of being detected by this survey. 500 AU and 0.05-1000 M Jup . In each defined grid box, we injected 500 simulated planets, each with a random mass and semi-major axis uniformly drawn from the grid box. We draw the inclination of the orbit from a uniform distribution in cos i, the eccentricity from the beta distribution, and the remaining orbital elements from a uniform distribution. At each epoch that the star was observed, we calculated the expected RV signal caused by the injected companion. We generated errors for these simulated data by drawing randomly from a normal distribution of width σ 2 i + σ 2 jitter , where σ i are the randomly shuffled measurement errors from the original radial velocities and σ jitter is the best-fit jitter value.
To determine if a simulated companion would be detectable, we fit either a one planet orbital solution, a linear trend, or a flat line to the simulated RV observations over the observed baseline. To determine which was the best fit, we used the Bayesian information criterion (BIC). This is defined as: BIC = −2L + k ln n, where L is the likelihood of the model, k is the number of free parameters in the model, and n is the number of data points in the observed data set. While the likelihood can be increased by simply fitting models with more free parameters, BIC selects against these with a penalty term. The lower the BIC value the better the model fit. Comparing two models, if ∆BIC > 10, this is very strong evidence for the model with the lower BIC (Kass & Raftery 1995) . Thus if the BIC values for the trend or the one-planet models were less than ten compared to the BIC value for the flat line, the simulated companion was "detected", whereas if the flat line was the best fit, that companion was "not detected". This process was repeated for 500 simulated companions injected into each grid box, producing a completeness map of detection probability as a function of mass and semimajor axis. Figure 15 shows the average completeness map of all of the systems. Figure 16 shows the 50% contour for the average of all the systems, for the least sensitive system, and for the most sensitive system. The sensitivity of each system to planets with varying masses and semi-major axes de- Figure 16 . Completeness contours corresponding to 50% probability of detection. The black contour corresponds to the average sensitivity for all the systems, the blue contour corresponds to HD 156668, the system with the greatest sensitivity, and the green contour corresponds to HD 5891, the system with the least sensitivity.
pends on the length of the RV baseline, the magnitude of the measurement errors, and the number of data points for the system. The longer the baseline, the smaller the errors, and the greater the number of data points, the more sensitive the system. The least sensitive system is HD 5891, while the most sensitive system is HD 156668.
DISCUSSION
The distribution of wide companions
Now that we have determined the parameter space where each detected companion is most likely to reside, we can determine the most likely underlying distribution for these massive, long-period companions in confirmed exoplanet systems. We assume that the companions are distributed in mass and semi-major axis space according to a double power law (e.g. Tabachnik 
The total likelihood for a set of N exoplanet systems is given by:
where the expression on the right is the probability of obtaining the set of data d for a system i given values for C, α, and β. We assume that each system can have at most one companion, and that the probability of obtaining the measured RV dataset for an individual star is therefore the sum of the probability that the system does contain a planet and the probability that the system does not contain a planet for each set of C, alpha, and beta values considered. The probability of a system having zero planets is given by:
The quantity p(d i |0) is the probability of obtaining the measured RV dataset given that there are no planets in the system. Z is the probability that the system contains a planet within the specified range in mass and semimajor axis space. Here, p(d i |0) and Z are given by the following equations.
In equation 7, d j is the jth datapoint in the dataset d for system i, m j is the corresponding model point, and σ j is the error on the jth datapoint. The probability of a system having one planet given values C, α, and β is:
is the probability of a companion at a given mass and semi-major axis, which we know from the previously calculated two dimensional probability distributions. We then combine these expressions in order to calculate the likelihood of a given set of C, α, and β values given the measured RV data for all the stars in our sample:
Note that for this calculation we use the probability distributions for all systems, not just those with 3σ trends.
To maximize L , we varied the values of C, α, and β using a grid search. The 16% -84% confidence intervals on these parameters were then obtained using the MCMC technique.
4.2. Occurrence Rates The overall occurrence rate for the population of companions can be estimated by integrating f (m, a) over a range of masses and semi-major axes. In addition to the population of exoplanet systems described previously, we also included the 51 hot Jupiter systems published in Knutson et al (2014) . While we adopted the published RV model fits for each of the hot Jupiter systems, we recalculated probability distributions with the same grid spacing used for the 123 new systems described in this study for consistency.
In Knutson et al (2014) , we utilized a conservative approach in which we defined a given planet as a nondetection with 100% probability whenever the measured trend slope was less than 3σ away from zero. Instead of using a binary picture of planet occurrence, our revised likelihood function is more statistically correct, as it considers the probability of hosting a planet in all of our systems. We note that integrated companion occurrence rates calculated using this approach are particularly sensitive to the estimated jitter levels in our fits, where an underestimate of the true stellar jitter levels could result in an over-estimate of the corresponding companion occurrence rates. As a test of this new method we recalculate the companion occurrence rate for the sample of 51 transiting hot Jupiters presented in Knutson et al (2014) and find a value of 70 ± 8% for companions between 1 -13 M Jup and 1 -20 AU. This is approximately 2σ higher than the value of 51 ± 10% obtained for this sample of stars using our older, more conservative likelihood function.
We calculate the overall frequency of companions beyond 5 AU in our new expanded system of 174 planetary systems by integrating over our best-fit probability distributions. We evaluate the companion frequency using a variety of different mass and period ranges in order to determine how sensitively this result is to the specific limits of integration selected. The resulting total occurrence rates are presented in Table 7 , and the corresponding values of C, α, and β are shown in Table  8 . Note. -We note that the α and β values presented here are strongly influenced by the slope of the probability distributions for companions with partially resolved orbits, and therefore should not be taken as reliable estimates of the actual companion distribution. Please see the discussion below for further explanation.
We find that our values of α and β vary significantly depending on the integration range chosen, and are therefore not accurate estimates of the power law coefficients for this population of long-period companions. This dependence on integration range is due to the fact that many of the companions detected in our study have poorly constrained masses and orbits. When we vary the range of masses and semi-major axes used in our fits we truncate the probability distributions for these companions at different points, therefore biasing our corresponding estimates of α and β.
Although it is difficult to obtain reliable estimates for the values of α and β for long-period companions, we can nonetheless investigate whether or not this population increases in frequency as a function of increasing mass and semi-major axis by calculating the occurrence rate of this sample of systems using equal steps in log space to increase the semi-major axis and mass integration ranges. When stepping in semi-major axis, we keep the mass range constant, 1 -20 M Jup , and when stepping in mass, we keep the semi-major axis range constant, 5 -20 AU. We then compare the observed changes in companion frequency per step in log mass or log semi-major axis in order to determine empirically how the overall distribution of companions compares to predictions from various power law models. For example, if the increase in frequency per log semi-major axis declines at larger separations this would imply a negative value for β, whereas the opposite would be true for a positive β. We calculate the uncertainties on the changes in occurrence rates by adding the individual uncertainties on the occurrence rates in quadrature.
We calculate the change in the integrated occurrence rate as a function of increasing semi-major axis ( Figure  17 ) using a lower integration limit of 1 AU and including all planets in these systems, not just the outer companions. We find that for small separations these rates increase relatively quickly as compared to the predictions of a power law model with β = 0 (i.e. a uniform distribution in semi-major axis), whereas for large separations these rates increase relatively slowly. This suggests a positive β value for giant planets at smaller separations and a negative β value for outer companions at larger separations, with a broad peak in the distribution between 3 -10 AU. When we examine the corresponding change in occurrence rate for companions beyond 5 AU as a function of planets mass (Figure 18 ), we find that these rates also increase slowly as compared to the predictions of a power law model with α = 0. This implies a negative α value.
We next compare our constraints on the mass and semi-major axis distribution of long-period companions to predictions based on studies of short-period planets around FGK stars. Since values of α and β are broadly consistent among these studies (e.g. Bowler et al 2010) , the results from Cumming et al (2008) will be taken as representative: α = −0.31±0.2 and β = 0.26±0.1. These values were derived for planet masses between 0.3 − 10 M Jup and periods less than 2000 days (approximately 3 AU). We would like to know whether or not the population of companions beyond 5 AU is consistent with predictions based on the power law coefficients from this study. We answer this question by repeating our previous calculation using the Cumming et al power law, where we determine the change in the integrated occurrence Figure 17 . This plot shows the change in occurrence rate between adjoining semi-major axis steps as a function of the upper semimajor axis integration limit. The results for the Cumming et al power law distribution are plotted in purple, while the results from this survey are plotted in blue. For the fits for our survey we include all planets in these systems outside 1 AU, not just outer companions as in the rest of our analysis. This allows us to study the relative distribution of planets in these systems across a broad range of semi-major axes. The sensitivity limit of the Cumming et al survey is ∼3 AU. For our survey, we are ∼50% complete between 1 -20 M Jup and 5 -100 AU. We note that the slight upward trend of the purple histogram bins corresponds to a β value that is 2.6σ away from zero. Figure 18 . This plot shows the change in occurrence rate between adjoining mass steps as a function of the upper mass integration limit. The results from the Cumming et al power law distribution are plotted in purple, while the results from this survey are plotted in blue. We note that Cumming et al only includes planets with masses below 10 M Jup in their survey, whereas we include companions with masses up to 20 M Jup . The occurrence rates for larger masses shown in this plot are therefore an extrapolation based on our best-fit power law models. The slight downward trend in the purple histograms corresponds to an α value that is 1.6σ away from zero.
rate per log mass and semi-major axis steps over the parameter range of interest. We calculate the uncertainties on these changes in occurrence rate by assuming Gaussian distributions for α and β and using a Monte Carlo method to get a distribution of occurrence rates for each semi-major axis and mass integration range. We then determine the uncertainties on the changes in occurrence rates by adding the uncertainties on the occurrence rates in quadrature. We note that due to correlations between α and β these uncertainties are slightly overestimated. We then compare these results to those obtained by fitting to our sample of long-period planets in Figures 17  and 18 .
As shown in Figure 17 , the Cumming et al. power law predicts an increase in the frequency of planets as a function of increasing semi-major axis, whereas our fits suggest a declining frequency for gas giant companions beyond the conservative 3 -10 AU range. This implied disagreement between the integrated occurrence rates for our sample as compared to the extrapolated occurrence rates of Cumming et al is not surprising, as Cumming et al (2008) only fits gas giant planets interior to 3 AU. We speculate that this difference may indicate either a peak in the frequency of gas giant planets in the 3-10 AU range, or a difference between the population of outer giant planet companions in these systems and the overall giant planet population. In contrast to this result, Figure  18 indicates that the mass distribution of the long-period companions in our study is consistent with the negative α value (i.e. increasing frequency with decreasing planet mass) reported by Cumming et al. for the population of planets interior to 3 AU.
We next consider how the frequency of companions in these systems varies as a function of other parameters, including the inner planet mass, semi-major axis, and stellar mass. We select an integration range of 1 − 20 M Jup and 5 -20 AU for these companions; this range is large enough to include all known companions detected by our survey, while still remaining small enough to ensure that we do not extrapolate too far beyond the region in which we are sensitive to companions. We find that within this integration range, the total occurrence rate for massive, long-period companions is 52.4 +4.5 −4.7 %. showed that planet occurrence rates and system architecture vary as a function of stellar mass. The A and M star systems are the high and low extremes of the sample's stellar mass range. To address the concern that including A and M star systems would influence our final results, we ran the entire grid search and MCMC analyses again excluding the 29 A and M star systems in the sample. The occurrence rate for this FGK-only sample is 54.6 +4.8 −4.8 %. We therefore conclude that the occurrence rates for the sample with and without the A and M stars are consistent with each other at the 0.4σ level.
Following the total occurrence rate calculation, we calculated the occurrence rate of massive, long-period companions as a function of inner-planet semi-major axis. We divided the total sample up into three bins -systems with planets interior to 0.1 AU (hot gas giants), systems with planets between 0.1 and 1 AU (warm gas giants), and systems with planets between 1 and 5 AU (cold gas giants). For each bin, we repeated our fits to derive new values of C, α, and β, which we integrated over a range of 1 − 20 M Jup and 5 -20 AU. Our results are presented in Figure 19 . The hot gas giant companion frequency is 2.4σ higher than that of the warm gas giants, and 2.3σ higher than that of the cold gas giants. This suggests that gas giants with orbital semi-major axes interior to 0.1 AU may have a higher companion fraction than their long-period counterparts, albeit with the caveat that this short-period bin is dominated by our transiting hot Jupiter sample. These planets typically have fewer radial velocity measurements than planets detected using the radial velocity technique, which could result in an underestimate of the stellar jitter for these stars.
If this enhanced companion fraction for short-period planets is confirmed by future studies, it would suggest that three body interactions may be an important mechanism for hot Jupiter migration. Alternatively, this trend might also result from differences in the properties of the protoplanetary disks in these systems. If we suppose that each disk that successfully generates gas giant planets produces them at some characteristic radius (e.g. the ice line -see Bitsch et al (2013) ) separated by some time span, and these planets subsequently migrate inwards via type II migration. Gas giants that migrate early in the disk's lifetime will reach the inner magnetospheric cavity of the disk, and due to eccentricity excitation mechanisms (Rice et al (2008) ), will rapidly accrete onto the host star over a timescale that is short compared to the lifetime of the disk. As the disk ages however, photoevaporation will grow the radius of the inner disk cavity. Accordingly, for those gas giants that arrive later in the lifetime of the disk, the inner disk edge will have been eaten away to the point that the eccentricity excitation mechanisms are no longer effective at shepherding the planets into the host stars, allowing migration to halt. We note that there is a very narrow window of time where the aforementioned processes allow for a successful formation of a hot Jupiter (which may self-consistently explain their inherent rarity -see Rice et al (2008) ). We would thus expect hot Jupiters to form primarily around stars that hosted disks that were especially efficient at giant planet formation, thus increasing the chances of having a planet reach the inner disk edge during the small window of time where hot Jupiter formation is possible. These highly efficient disks would also be expected to produce more than one gas giant planet, which leads to the expectation that hot Jupiters would be more likely to have companions.
We also calculated the occurrence rate of companions as a function of inner planet mass. We divided the sample Figure 20 . We find that intermediate mass planets may be more likely to have a massive, long-period companion, although all three bins are consistent at the 2σ level. We note that our ability to discern trends in companion rate as a function of planet mass is limited by the relatively small sample sizes in the lowest and highest mass bins, which result in correspondingly large uncertainties on their companion rates.
Finally, we calculated the occurrence rate of companions outside of 5 AU as a function of stellar mass. Once again, we divided the sample up into three bins -systems with stellar masses from 0.08 -0.8 M (M and K stars), 0.8 -1.4 M (G and F stars), and 1.4 -2.1 M (A stars). Our results are plotted in Figure 21 . We find that the occurrence rates for each stellar mass bin are consistent with each other at the 0.2σ level. Earlier studies indicated that the occurrence rate for gas giant planets interior to 3 AU is higher around A stars than F and G stars ; our results for companions beyond 5 AU suggest that these differences may be reduced at large orbital separations, albeit with large uncertainties due to the small number of A stars included in our sample. We note that while mass estimates for the evolved A stars have been debated in the literature (Schlaufman & Winn 2013; Johnson & Wright 2013; Johnson et al 2013; Lloyd 2013 Lloyd , 2011 , this has a minimal impact on our conclusions in this study as we find that these evolved stars have the same frequency of companions as the main sequence FGKM stars in our sample.
Eccentricity Distribution
In addition to the results described above, we also seek to quantify how the eccentricity distribution of exoplanets in single planet systems might differ from that of exoplanets in two planet systems or systems with an outer body, as indicated by a radial velocity trend. We quantify these differences by fitting the set of inner planet eccentricities for each sample using the beta distribution (Kipping 2013): 
We account for the uncertainties in the measured eccentricities for each planet by repeating our beta distribution fit 10,000 times, where each time we draw a random eccentricity from the MCMC posterior probability distribution for each individual planet. The resulting distributions of best-fit a and b values therefore reflect both the measured eccentricities and their uncertainties. Figure  22 plots the distribution of best-fit eccentricities for the two groups of planets. We excluded planets interior to 0.1 AU whose eccentricities might be circularized due to tidal forces from the primary star from this plot as well as the beta distribution fits. Figure 23 compares the twodimensional posterior probability distributions in a and b for each of the two groups, taking into account the uncertainties on each planet eccentricity. We find that the two-planet systems appear to have systematically higher eccentricities than their single planet counterparts, with a significance greater than 3σ. This result appears to contradict previous studies, which found that multi-planet systems have lower eccentricities (Chatterjee et al 2008; Howard 2013; Limbach & Turner 2014; Wright et al 2009) . This difference may be explained if the separation between inner and outer planets is larger for cases where the inner planet has a large orbital eccentricity. Previous surveys were typically only sensitive to a 1 M Jup planet out to 3 -5 AU, suggesting that many of the multi-planet systems detected by our survey would have been misclassified as single planet systems.
The most detailed study of this correlation to date was presented in Limbach & Turner (2014) . This study used 403 cataloged RV exoplanets from exoplanet.org (Han et al 2014) to determine a relationship between eccentricity and system multiplicity. 127 of these planets were members of known multi-planet systems, with up to six planets in each system. When the authors calculated the mean eccentricity as a function of the number of planets in each system, they found that systems with more planets had lower eccentricities. We note that the differ-ence between our new study and this one may be due to the fact that the majority of their planets have relatively short orbital periods. For systems with three or more planets, this means that the spacing between planets is typically small enough to require less eccentric orbits in order to ensure that the system remains stable over the lifetime of the system. Furthermore, their analysis did not take into account the uncertainties on individual exoplanet eccentricities, which can be substantial. Howard (2013) reaches a similar conclusion in their simpler analysis of published RV planets. This study compared eccentricity distributions of single giant planets to giant planets in multi-planet systems, and found that eccentricities of planets in multi-planet systems are lower on average.
Because Limbach & Turner (2014) did not carry out their own fits to the radial velocity data, they did not consistently allow for the possibility of long-term radial velocity accelerations due to unresolved outer companions. Previous studies by Fischer et al (2001) and Rodigas & Hinz (2009) demonstrate that undetected outer planets can systematically bias eccentricity estimates for the inner planet to larger values. This is also a problem for systems where the signal to noise of the planet detection is low or the data are sparsely sampled (Shen & Turner 2008) . Although we use a smaller sample of planets for our study than Limbach & Turner (2014) , our systems all have high signal to noise detections and long radial velocity baselines, which we use to fit and remove long-term accelerations that might otherwise bias our eccentricity estimates.
In contrast to these other studies, Dong et al (2014) found that warm Jupiters with companions have higher eccentricities than single warm Jupiters. However, we note that this study relied on a relatively small sample of planets (9 systems with e > 0.4 and 17 with e < 0.2), and the authors did not report uncertainties on their estimated occurrence rates for either sample. In this study the authors also point out that in order to migrate a warm Jupiter inwards via dynamical interactions with an outer body, the perturber in question must be close enough to overcome GR precession of the inner planet. We use this constraint, presented in their Equation 4, to test this formation scenario for the warm Jupiter population in our sample. Of the 42 warm Jupiter systems in our sample, 15 have resolved companions and 4 have statistically significant linear trends. We find that for the resolved companions, 13 out of the 15 companions satisfy the criterion for high-eccentricity migration (namely that warm Jupiters must reach a critical periastron distance of 0.1 AU within a Kozai-Lidov oscillation). We take the best fit masses and semi-major axes for the companions causing the trends from their probability distributions, and use these values to calculate the upper limit on the separation ratio between the warm Jupiter and the companion. We find that zero out of the four systems satisfy the criterion for high-e migration. Combining the resolved and trend systems, 13 out of 19 warm Jupiter systems with companions satisfy the criterion. However, we note that the criterion presented in Dong et al (2014) is necessary but insufficient for high-eccentricity migration. While our observations in principle do not rule out Kozai-Lidov migration for the warm Jupiter population, in order to decide if migration is relevant the character of the angular-momentum exchange cycle must be understood. In order to do this to lowest order, the mass and semi-major axis of the perturbing orbit, as well as the mutual inclination, must be known.
CONCLUSIONS
We conducted a Doppler survey at Keck combined with NIRC2 K-band AO imaging to search for massive, long period companions to a sample of 123 known one and two planet systems detected using the radial velocity method. These companions manifest as long term radial velocity trends in systems where the RV baseline is not long enough to resolve a full orbit. We extended archival RV baselines by up to 12 years for the stars in our sample, and found that 25 systems had statistically significant radial velocity trends, six of which displayed significant curvature (HD 68988, HD 50499, HD 72659, HD 92788, HD 75898, and HD 158038) . We found that trends detected in HD 1461 and HD 97658 correlxated with the Ca II H&K line strengths, indicating that these trends were likely due to stellar activity and not due to a wide-separation companion. These systems were removed from further analysis. We also checked each system for stellar companions, and found that HD 164509, HD 126614, and HD 195109 had stellar companions that could account for the linear RV accelerations. These systems were also removed from further analysis.
For the remaining 20 trend systems, we placed lower limits on companion masses and semi-major axes from the RV trends, and upper limits from the AO contrast curves of the corresponding systems. We quantified the sensitivity of our survey and found that on average we were able to detect a 1 M Jup planet out to 20 AU, and a Saturn mass planet out to 8 AU with 50% completeness. We fit the companion probability distributions with a double power law in mass and semi-major axis, and integrated this power law to determine the giant planet companion occurrence rate.
We found the total occurrence rate of companions over a mass range of 1 -20 M Jup and semi-major axis range of 5-20 AU to be 52.4 +4.5 −4.7 %, and obtained a comparable occurrence rate when the A and M star systems were removed from the calculation. The distribution of these long-period companions is best matched by models with a declining frequency as a function of increasing semimajor axis, and appears to be inconsistent with an extrapolation from fits to the population of gas giant planets interior to 3 AU described in Cumming et al. (2008) . This suggests that either the radial distribution of gas giants peaks between 3 -10 AU, or that the distribution of outer gas giant companions differs from that of the overall gas giant population.
When calculating the occurrence rate as a function of inner planet semi-major axis, we found that the hot gas giants were more likely to have a massive outer companion as compared to their cold gas giant counterparts. This result suggests that dynamical interactions between planets may be an important migration mechanism for gas giant planets.
When we compared the eccentricity distributions of single planets in this sample with no outer bodies to planets in two-planet systems and single planets with a positive trend detection, we found that in multi-body systems, the eccentricity distribution was significantly higher than that of single planet systems with no outer bodies. The higher average eccentricities in these systems suggest that dynamical interactions between gas giant planets play a significant role in the evolution of these systems.
If we wish to better understand the role that dynamical evolution plays in these systems, there are several possible approaches to consider. First, continued RV monitoring would help to better constrain companion orbits and masses. Second, deep imaging of the trend systems could probe down to brown dwarf masses and determine whether any of the observed trends could be caused by stellar instead of planetary mass companions. If any brown dwarf companions are detected via direct imaging, the existence of complementary radial velocity data would allow us to dynamically measure their masses, which would provide a valuable test of stellar evolution models in the low mass regime . Finally, long term RV monitoring of systems with lower mass planets and/or systems with three or more short period planets detected by transit surveys such as Kepler could allow us to determine if the companion occurrence rate of these systems differs from that of their gas giant counterparts. A significant limitation of this last suggestion is the need to detect low mass planetary systems orbiting bright, nearby stars -most Kepler stars are time consuming to observe with RVs, but K2, and later TESS, should provide a good sample of low mass planets orbiting nearby stars.
